ABSTRACT. Rubber tires contain several compounds that are known or suspected carcinogens. Many carcinogens are mutagens (Griffiths et al. 2000), and fluctuation assays based on the Ames test can be used as an initial screen for mutagenic potential. Granulated crumb rubber from recycled tires is commonly used in the creation of artificial athletic fields, and the surface temperature of these fields can reach levels far above the ambient temperature. In this study, crumb rubber samples taken directly from four separate artificial athletic field surfaces were used to make leachates using water at different temperatures. For each of these fields, leachates obtained in water at 70ºC showed significant mutagenic potential (p ≤ .001) in Salmonella typhimurium fluctuation assays. Leachates obtained in water at 40ºC showed no mutagenic potential for any of the fields tested. For one field, crumb rubber heated in water at temperatures as low as 50ºC resulted in significant mutagenic potential (p ≤ 0.001). Water used in an experiment designed to mimic the irrigation of an artificial athletic field also showed mutagenic potential (p ≤ 0.001) in a fluctuation assay. These results suggest that at the higher temperatures such as those on artificial athletic field surfaces, the crumb rubber infill on these artificial athletic fields can become the source of a water soluble agent with mutagenic potential in bacteria.
INTRODUCTION
The replacement of natural grass athletic fields with artificial athletic fields has become increasingly common. Artificial fields are durable, require less maintenance and are often viewed as more cost effective (Claudio 2008; Cheng et al. 2014) . Materials commonly used in artificial athletic fields include crumb rubber, small rubber pellets made from recycled tires (Claudio 2008; Beausoleil et al. 2009 ) which can be found at the field surface among the synthetic blades. Several groups have addressed the leaching of elements and organic compounds from recycled shredded rubber mulches or granulates and identified a low level of a wide range of metals and organic compounds including known or suspected carcinogens such as polycyclic aromatic hydrocarbons, lead and chromium (Bocca et al. 2009; Kanematsu et al. 2009; Li et al. 2010; Pavilonis et al. 2013) . Some studies have suggested that the use of recycled tires in both athletic fields (Pavilonis et al. 2013 ) and playgrounds (Birkholz et al. 2003 ) is generally safe. Others have raised concern over using recycled tires in playgrounds (Llompart et al. 2013) , and one report (Brown et al. 2007 ) recommended a moratorium on the installation of new artificial athletic fields and playgrounds that use rubber from recycled tires.
Many carcinogens are mutagens (Griffiths et al. 2000) , and one technique commonly used to initially determine the potential mutagenicity of a substance is the Ames test or fluctuation test (Luria and Delbruck 1943; Hubbard et al. 1984) . These tests expose Salmonella typhimurium strains that are histidine heterotrophs to the substance in question and assay for histidine autotroph mutants. A significant increase in the number of histidine autotrophs among cells exposed to potential mutagen compared to the number of spontaneous histidine autotroph mutants indicates that a substance has mutagenic potential. S. typhimurium strain TA100 specifically requires a base-pair substitution to become autotrophic for histidine . Birkholtz et al. (2003) extracted playground tire crumb with dichloromethane and DMSO and found no genotoxicity using fluctuation assays with various bacterial strains, including TA100, in the absence of S9 liver activation extract, which can convert some agents without mutagenic potential to agents with mutagenic potential. They concluded that the marginal toxicity seen in some samples with S9 extract were not at the level required to be considered genotoxic. These same authors also tested environmental toxicity of leachates made from tire mulch in water and reported toxicity to all aquatic organisms tested, however this activity disappeared after aging the tire mulch for three months (Birkholz et al. 2003) .
Temperatures of artificial athletic fields have been reported to reach levels far above ambient temperatures as well as the temperatures of natural turf fields under the same conditions (Claudio 2008; Jia et al. 2007; McNitt et al. 2007; Williams and Pulley 2002) . Williams and Pulley (2002) noted that an artificial athletic field in Utah reached temperatures as high as 93ºC on a day when the air temperature was 37ºC. These same authors also noted that irrigation of a field quickly reduced the surface temperature from 78ºC to 29ºC, but that the surface temperature rebounded to 73ºC in only twenty minutes. McNitt et al. (2007) directly measured the surface temperature of several synthetic turf system test plots in Pennsylvania and found surface temperatures ranging from 53.8ºC to 71.5ºC. Eight of these test plots were irrigated and the surface temperature of each was quickly reduced; the surface temperature also rebounded to various extents, but not as dramatically as seen in earlier studies. These authors concluded that the benefits of irrigation would vary partly on weather and light conditions (McNitt et al. 2007) .
In this study, leachates made with crumb rubber infill collected directly from the surfaces of four separate artificial athletic fields (fields A through D) were assayed for mutagenic potential with fluctuation tests. The approximate age in years of fields A, B, C, and D were nine, four, two and less than one, respectively. In order to determine if the increase in temperature reported for artificial athletic fields may have a role in releasing mutagenic compounds from the infill, leachates were made at a range of temperatures. In order to mimic conditions that might be obtained on a field, that is, rain or irrigation, leachates were made using distilled water and no organic solvents.
MATERIALS AND METHODS

Collection of crumb rubber infill samples
The four artificial athletic fields used in this study were all in the Cincinnati, Ohio, area and were chosen for no particular reason other than their accessibility. Infill samples were collected directly at random locations from the surface of each field by scraping the field surface by hand and collecting dislodged crumb rubber that fell onto a nearby piece of paper. Crumb rubber was then separated by hand, primarily with tweezers, from artificial grass, other substrate particles and larger organic materials.
Leachate preparations
In all leachate preparations, 25 g of crumb rubber were mixed with 50 ml of distilled water, heated in a water bath at the indicated temperature for thirty minutes and then allowed to cool. The resulting solutions were filtered through 0.2 micron sterile filters and kept at room temperature until used in the fluctuation assay the next day.
Fluctuation assays
Each of the three fluctuation experiments was performed using a separate Muta-Chrome Plate Basic Kit supplied with TA100 cells (Environmental BioDetection Products, Inc., Canada) and therefore each experiment was carried out with a different culture of TA100 cells. On the day of an experiment, all required components were mixed into culture tubes provided as directed by the manufacturer, then 18.2 ml of sterile water or the solution to be tested was added. At this point, before adding TA100 cells, 200 µl of each mixture to be tested were added to eight microtiter wells of a single control plate. This ensured that there was no bacterial contamination of the solution prior to adding TA100 cells, and that there were no unforeseen chemical reactions occurring upon incubation at 37ºC that would give false positive results. S. typhimurium TA100 cells were grown in the media provided for 17 to 18 hours, as directed by the kit instructions, before performing the assay. After dispensing aliquots to the no cell control microtiter plate, 5 µl of the TA100 cell culture were added to each culture tube containing the required mixed components and the solution to be tested. No S9 activation enzyme extract was used in the fluctuation assays presented here. Next, 200 µl were dispensed into each of 96 wells of a microtiter plate. Plates were incubated in a sealed, zip lock plastic bag (the positive control plate was kept in its own bag, separate from the other plates), incubated at 37ºC and scored after five to seven days. In this assay, a color change from blue to yellow in any mi-crotiter well is treated as a single reversion event. The number of reversions on an experimental plate compared to the number of spontaneous reversions on the water only (no mutagen) plate is used to determine the statistical significance (Gilbert 1980) .
Generation of eluates
In the final experiment, 10 g of field B crumb rubber sample were placed in a 50 ml polypropylene centrifuge tube creating a column approximately 5 cm tall. A Vernier Direct-Connect Temperature Probe was placed through a hole in the lid and connected to a computer via a LabQuest Mini interface to monitor the temperature using LoggerPro (version 3.8.6.2) software. The tube with the sample and probe was placed in a water bath until the measured temperature rose slightly above 70ºC. The tube was removed from the water bath and a small hole was punched in the bottom of the tube. When the temperature dropped to 70ºC, 20 ml of room temperature distilled water were added dropwise. The eluate was collected, the hole was plugged and the tube was placed back into the water bath until the temperature again reached 70ºC. It was then removed from the water bath and an additional 20 ml of room temperature distilled water were added dropwise. The second eluate was collected in a new tube. The total time elapsed from the start of adding the water for the first eluate to the end of the collection of the second eluate was approximately 18 minutes. Both eluates were then sterile filtered, stored overnight at room temperature and assayed as above. Crumb rubber from field B was used here because it showed the greatest mutagenic potential in the fluctuation assays and thus had the greatest chance of showing positive results in this assay. Table 1 shows the results of four independent fluctuation experiments. For each experiment, the number of reversions obtained with the positive control (sodium azide) is indicated as well as any significant difference to the water only control as described in Gilbert (1980) . In experiment 1, leachates from field A crumb rubber showed significant mutagenic potential with the 60ºC (p ≤ 0.01) and 85ºC (p ≤ 0.01) samples but not the 50ºC sample. A preliminary fluctuation assay had indicated significant (p ≤ 0.001) mutagenic potential of a field A crumb rubber leachate made at 100ºC (data not shown). Only eight reversions were detected in the microtiter plate used to assay the leachate made at 100ºC for experiment 1 (Table 1) , which was well below the 24 reversions obtained in this experiment with water alone. A ten-fold dilution of the same leachate sample was tested in experiment 2, approximately 30 days later. This diluted sample resulted in significant mutagenicity (p ≤ 0.05; Table 1 ).
RESULTS
Crumb rubber leachates made at 40ºC from fields A, B, C and D showed no significant increase in mutagenicity (Table 1) . However, leachates made at 70ºC from each of the four field samples showed significant mutagenicity (p ≤ .001). In addition, a series of fluctuation tests was performed on field B crumb rubber leachates made at temperatures of 40ºC, 50ºC, 55ºC, 60ºC and 70ºC. For these assays, crumb rubber was collected a second time from the surface of field B. Leachates made at each of these temperatures, except for 40ºC, resulted in significant mutagenicity (p ≤ 0.001). Figure 1 shows the recorded temperature of a sample of crumb rubber from field B as distilled water was added dropwise and allowed to filter through a 5 cm column of the sample. The temperature of the sample decreased from 70ºC to 30ºC during the first five minutes as the first eluate was collected. The temperature was allowed to recover to 70ºC at which FIGURE 1. Temperature profile of crumb rubber during generation of eluates with room temperature distilled water. Each eluate was generated by adding 20 ml distilled water dropwise to a column of crumb rubber first preheated to 70°C. After the first eluate was collected, the now moistened crumb rubber column was reheated, and the second 20 ml was collected. The time point where the water addition began for each eluate is indicated. 
DISCUSSION
Many studies have been done on the chemical composition of crumb rubber and the possible adverse health effects associated with artificial athletic fields which use it in part as a means of softening the surface (Cheng et al. 2014) . Recycled tires used either in the production of crumb rubber or in rubber mulches for playgrounds have been shown to contain a variety of organic compounds (Sullivan 2006; Li et al. 2010; Menichini et al. 2011) . Risk assessment studies evaluating the potential exposure to many of these organic compounds have suggested that the associated health risk is minimal (Beausoleil et al. 2009; Menichini et al. 2011; Pavilonis et al. 2013) . Numerous inorganic compounds and metals, especially zinc, but also lead, chromium, copper, nickel, arsenic and cadmium are also present in recycled tires (Bocca et al. 2009; US EPA 2009; Li et al. 2010; Menichini et al. 2011) . Lead, nickel, arsenic, cadmium and chromium, or their compounds, are all known or suspected mutagens or carcinogens (Leonard and Lauwerys 1980; Arlauskas et al. 1985; Silbergeld et al. 2000; Das et al. 2008; IARC 2015) , whereas zinc is not a known mutagen (Leonard et al. 1986 ). Nestmann et al. (1979) used bacterial reversion assays in concluding that the mutagenicity of lead chromate was due to the chromate ion and not the lead ion. In conventional fluctuation assays, Arlauskas et al. (1985) showed that cadmium(II) and chromate(VI) were mutagenic while nickel(II) and arsenate(V) were not, even though these are known to be mutagenic in other systems. Again, it is important to note that the agents showing mutagenic potential detected in the leachates prepared here must be at least partly water soluble. No DMSO or other organic solvents or treatments were used in generating the leachates. In addition, no S9 activation enzyme extract was used in the fluctuation assays presented here indicating the agent would not require enzymatic conversion from a pre-mutagenic substance.
A preliminary assay had indicated that leachates prepared at 100ºC showed significant (p ≤ 0.001) mutagenic potential (data not shown). A new leachate prepared at 100ºC was used in experiment 1, and this was diluted and assayed one month later in experiment 2. When assayed undiluted, this leachate resulted in fewer positive wells than the water only control (Table 1 , Experiment 1), suggesting that the sample concentration may be toxic; when diluted ten-fold and retested one month later, it showed significant mutagenic potential (p ≤ 0.05; Table 1 , Experiment 2). Although different TA100 cell cultures were used to test these samples, and the results cannot be directly compared, it does suggest that the suspected agent is not highly volatile and is stable in an aqueous solution for at least this time frame.
The leachates used in this study were made at higher temperatures for only 30 minutes. Furthermore, for the experiment designed to mimic field irrigation, the time to collect each of the eluates as water was filtered over 70ºC crumb rubber was around four to five minutes for each with no more than 10 minutes of heating between the two sample collections. This suggests that the temperature of the crumb rubber, especially above 40ºC, and not exposure to water for extended lengths of time, may be more important in considering "worst-case scenarios" in future testing.
Not surprisingly, some variability in mutagenicity is seen among the four fields tested in this study. For example, field B leachates produced at 50ºC showed mutagenic potential while those produced from field A at 50ºC did not. This may be due to the variability seen in the composition of tires (Sullivan 2006; US EPA 2009) . The ages of the fields tested here ranged from less than one year to nine years old. However, because crumb rubber may have been replenished on any of the four playing surfaces, especially the older fields, it is not possible in this study to draw a correlation between the fluctuation assay results and the relative ages of the fields. It has been suggested that the aging of the recycled rubber would likely lessen the amount of any potentially harmful compounds that may leach from it over time (Birkholz et al. 2003) . The study presented here did not address the amount of mutagenic potential over time for the same field. Nevertheless, this study does show that leachates made at 70ºC with crumb rubber taken directly from the surfaces of four fields are capable of releasing water soluble substances having mutagenic potential in bacteria. Further studies would be needed to determine if the variability seen among fields is due to the relative age of the crumb rubber, the composition of the recycled tires used in making the crumb rubber, the weathering of the fields, or a combination of these or other factors.
Since these leachates were made from crumb rubber taken directly from field surfaces, and because artificial athletic fields may be periodically groomed and washed, the possibility that the agent with mutagenic potential detected in these experiments is from some external source cannot be entirely excluded. Because the suspected mutagen is reproducibly released with heating in water to 70ºC, and has not yet been detected in leachates made in water at 40ºC, it is reasonable to conclude that it is not readily washed off. It is therefore unlikely that the suspected agent is one that has been externally applied to the crumb rubber. Further studies are needed to elucidate the dynamics of temperature and water content of artificial athletic fields with respect to the potential release of agents with mutagenic potential.
The surface temperature that any particular artificial athletic field might reach will vary with season and regional climate. Williams and Pulley (2002) reported a high surface temperature of 93ºC for an artificial athletic field in Utah on a day when the air temperature was 37ºC. These same authors reported an average field temperature on a day in June, 2002, of 47ºC with a high of 69ºC. Irrigation systems are commercially available for maintenance of artificial athletic fields, and irrigation has been shown to have a marginal effect on lowering surface temperatures for up to several hours (Williams and Pulley 2002; Jia et al. 2007; McNitt et al. 2007) . In this study, the results of the experiment designed to mimic water falling on a hot field surface (Figure 1 and Table 1 , eluate 1 and eluate 2), where crumb rubber is readily found, suggests that compounds with mutagenic potential could enter solution upon irrigation of a field with a surface temperature of 70ºC, a temperature within the range reported by others (Williams and Pulley 2002; McNitt et al. 2007) . Given that the leachate prepared at 50ºC with field B crumb rubber produced a substance with significant mutagenic potential, fields with surface temperatures as low as 50ºC may also fall into this category. Further studies would be needed to address this possibility or the possibility that rainwater may have a similar effect. A substance with mutagenic potential released after water falls onto a hot artificial athletic field would either drain away with the water or stay on the field surface. Risk assessment studies are needed to consider the health impact of repeated exposure to crumb rubber at the conditions relevant to artificial athletic fields.
